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Traditionelle Renderverfahren

Rasterung

Derzeitiger Standard für Echtzeitgrafik (Privatanwender)

Renderingpipeline (Skizze):

Modeling & Viewing Transformation (optional: Belichtung)
Clipping & Projektion
(Hierachische) Rasterung & Early Z-Test, Interpolation von
Vertex-Attributen, Pixel-Shading, Texturierung
Tiefentest, Stencil Operationen, Blending etc.

Rasterung: Umwandlung von kontinuierlicher Beschreibung von
Objekten im Bildraum (2D) in diskrete Rastergrafiken

Traversierung der Szene:

Für jedes Dreieck{
Für jedes Pixel{
Wenn(Sichtbar(Pixel,Dreieck))
Ausgabe
}

}
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Traditionelle Renderverfahren

Prüfung nötig, ob ein Pixel von einem gegebenen Dreieck überdeckt
wird
⇒ Effiziente Methode über 2D-Kantenfunktionen

Quelle: [4]

E(x , y) = (x−X )dY −(y−Y )dX =

((
x − X
y − Y

0

)
×

(
(X + dX )− X
(Y + dY )− Y

0

))
z

E(x , y) > 0 wenn (x , y) auf der rechten Seite
E(x , y) < 0 wenn (x , y) auf der linken Seite
E(x , y) = 0 wenn (x , y) auf Linie
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Traditionelle Renderverfahren

Wenn Ei (x , y) > 0 für alle Kantenfunktionen i = 0, 1, 2 gilt
⇒ Pixel liegt in Dreieck.

Inkrementelle Berechnung möglich:
E(x + 1, y) = E(x , y) + dY
E(x , y + 1) = E(x , y)− dX

Dachsbacher et al. / 3D Rasterization 3
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Figure 3: 3D edge functions for a triangle (p0,p1,p2) and a ray starting at the eye e going through a pixel (x,y) with coordinates
d in world space. Intersection tests and computation of the barycentric coordinates are based on the signed volumes of the
spanned tetrahedra.

3. From 2D to 3D Rasterization

In thefollowing wefirst briefly review thetraditional 2D ras-
terization technique, as it is implemented in current graphics
hardware, before extending it to 3D. We discuss the modi-
fications that would be required for integration into existing
rendering pipelines, and illustratebenefitsand new possibil-
ities.

3.1. 2D Rasterization

Any linear function, u, onatriangle in 3D, e.g. colorsor tex-
ture coordinates, obeys u = aX + bY + cZ, with (X ,Y,Z)T

being a point in 3D, and the parameters a, b, and c can be
determined from any given set of values defined at the ver-
tices [OG97]. Assuming canonical eye space– where the
center of projection is the origin, the view direction is the
Z-axis, and the field of view is 90 degrees – dividing this
equation by Z yields the well-known 2D perspective correct
interpolation scheme [Hec89] from which we observe that
u/Z is a linear function in screen-space. During rasteriza-
tion both u/Z and 1/Z are interpolated to recover the true
parameter value, u.

Likewise, we can now define threelinear edge functions in
the image plane for every triangle (Fig. 2): Their values are
equal to zero on two vertices and one on the opposite ver-
tex [OG97]. A pixel is inside the triangle if all three edge
functions are positive at its location and thus coverage com-
putation becomesasimple evaluation of thethree edgefunc-
tions, which is well suited for parallel architectures. Hierar-
chical testing of pixel regions for triangle coverage, called
binning, is a major factor for rendering performance. Typ-

>0

<0
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p2

p1p0

p2

p1p0

Figure 2: Left: The 2D edge function for the edge p0p2
which can be evaluated in parallel. A hierarchical search
can quickly locate pixels covered by the triangle (right).

ical implementations use either a quad-tree subdivision in
image spacestarting from the entire screen or the triangle’s
bounding box, or they locaterelevant partsby slidingalarger
bin over the screen, followed by further subdivision or per-
pixel evaluation. Binning can be seen as similar to culling a
triangle from a frustum of primary rays in ray tracing. Note
that there are other triangle rasterization algorithms as well,
but hierarchical rasterization has proven to be the most ef-
ficient and hardware-friendly algorithm and we thus restrict
our discussion to it.

3.2. 3D Rasterization

Testing whether a pixel sample is covered by a 2D triangle
is equivalent to testing if a ray, beginning at the eye, going
throughthat pixel, intersects thetriangle. Fig. 3adepicts this
using the following notation: e is the eye location, and the
ray goes throughd = d0 + xdx + ydy, for pixel coordinates
(x,y), while p0, p1, p2 are thevertices of the triangle.

We can now formulate 3D linear edge functions using the
signed volume ideawell-known as the Pluecker ray-triangle
intersection test [O’R98,KS06]. We first consider the trian-
gle formed by the first edge p0p1 and the eye (seeFig. 3b).
For notational simplicity in this explanation, but without loss
of generality, we assume that e is in the coordinate origin,
andthus thenormal of thetriangle is n2 = p1×p0. For better
numerical stability with small triangles we use, mathemati-
cally equivalent, n2 = p1× (p0−p1) in practice, andfor the
cross-product we also use a consistent ordering of vertices
of adjacent triangles. We define the corresponding 3D edge
function asV2(x) = n2 ·x, which is equivalent to computing
thescaled signed volumeof thetetrahedronwith verticesp0,
p1, x, and e (here the origin). The scaling factor of 6 can be
ignored as intersection testsarebased onthesignsandratios
of volumes. V2(x) is positive for all x in the half -space con-
taining p2 (Fig. 3c). In analogy wedefineV0 andV1 using:

ni = p(i+2) mod 3×p(i+1) mod 3

Vi(x) = ni ·x, with i = 0,1,2. (1)

We denote the scaled volume of the tetrahedron spanned by
the triangle and the origin by V = p j ·n j (for any j = 0..2).
To determine if the triangle is hit by a ray in the positive
direction we only need to consider the signs of the volumes

Quelle: [1]

Wichtig für eine hohe Geschwindigkeit ist Binning:

Schnelle Schätzung, welche Pixelbereiche für ein gegebenes Dreieck
geprüft werden müssen.

Üblich ist die Prüfung an den vier Eckpunkten eines quadratischen

”
Bins“ gegen ein Dreieck
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Traditionelle Renderverfahren

Quelle: [4]

Naiver Binning-Algorithmus: Bounding Box (linke Abb.)

Besser über hierarchische Strukturen (z.B: Quad Trees)
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Traditionelle Renderverfahren

Raytracing

Aktuell bevorzugt im professionellen Bereich (Kinofilme, CAD)

Sichtbarkeitstests durch Strahlverfolgung in Welt- oder
Kamerakoordinaten

Für jeden Pixel wird ein Strahl vom Auge des Betrachters in
die Szene geschickt

Traversierung der Szene:
Für jedes Pixel{

Für jedes Dreieck{
Wenn(Sichtbar(Pixel,Dreieck))
Ausgabe
}

}

Simon Christoph Stein 3D Rasterization



Traditionelle Renderverfahren

Quelle: [1]

Um nicht für jeden Strahl gegen jedes Dreieck testen zu
müssen werden optimierte Raumstrukturen verwendet, z.B.
Octree, kd-tree, BVH oder 3D Gitter

Rechenaufwand steigt logarithmisch mit Anzahl der Primitive
(Rasterung: linear) und linear in Anzahl der Pixel.
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Traditionelle Renderverfahren

Quelle: [5]

Wird nur die Sichtbarkeitsprüfung über die Primärstrahlen
verwendet, spricht man oft von Ray Casting

Wenn vom Auftreffpunkt weitere Sekundärstrahlen ausgesandt
werden (z.B. reflektierter und gebrochener Strahl,
Schattenstrahl) verwendet man den Begriff Raytracing

⇒ Gutes Framework für fotorealistische Beleuchtung
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3D Rasterung

Teil II

3D Rasterung
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3D Rasterung

3D Rasterung

3D Rasterung

Ziel: Algorithmus, der Eigenschaften sowohl von Raytracing
als auch Rasterung besitzt und Konzepte zwischen beiden
Verfahren austauschen kann.

Idee: Test, ob Pixel von 2D Dreieck bedeckt wird ist
äquivalent dazu, ob ein Strahl vom Beobachter durch diesen
Pixel das Dreieck schneidet.
⇒ Verwendung einer Ray Casting Variante für 3D Rasterung

3D Rasterung arbeitet direkt in Welt- oder Kamerakoordinaten
und verwendet daher durchgängig Fließkommaoperationen

⇒ Für Verwendung auf hochparallelisierten Architekturen wie
Intel’s Knights Ferry (vormals Larrabee) gedacht.
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3D Rasterung

3D Kantenfunktion

Wir wollen eine 3D-Kantenfunktion definieren.

Quelle: [1]

Annahme: Beobachter im Ursprung ~e = 0

Strahlrichtung ~d = ~d0 + x~dx + y~dy

Dreieck mit Vertices ~p0, ~p1, ~p2

Normalenvektor ~n2 = ~p1 × ~p0
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3D Rasterung

x

e

Spatprodukt V2(~x) = n2 · ~x = (~p1 × ~p0) · ~x
liefert Volumen des Tetraeders, der von ~p0, ~p1,~x und ~e
aufgespannt wird. (Skalenfaktor 1

6 unwichtig)

V2(~x) > 0 für alle ~x im Halbraum der ~p2 enthält.
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3D Rasterung

Definitionen:

~ni := ~p(i+2) mod 3 × ~p(i+1) mod 3

Vi (~x) := ~ni · ~x mit i = 0, 1, 2

V := ~pj · ~nj für j = 0, 1, 2 beliebig
Gesamtvolumen des Tetraders, der vom Dreieck mit dem
Ursprung aufgespannt wird

Der Strahl ~e + t ′~d , t ′ > 0 trifft das Dreieck, wenn alle vier
Volumina das gleiche Vorzeichen haben.

Vi ,V > 0, Strahl trifft auf Frontfläche des Dreiecks

Vi ,V < 0, Strahl trifft auf Rückseite des Dreiecks

Simon Christoph Stein 3D Rasterization



3D Rasterung

Am Schnittpunkt gilt:

V = V0(t~d) + V1(t~d) + V2(t~d)

t = V /(V0(~d) + V1(~d) + V2(~d))

Quelle: [1]

Baryzentrische Koordinaten des Schnittpunkts leicht
berechenbar:

t~d = λ0~p0 + λ1~p1 + λ2~p2

mit λi = Vi (~d)/(V0(~d) + V1(~d) + V2(~d))

Simon Christoph Stein 3D Rasterization



3D Rasterung

Strahlparameter t nicht für Schnitttest oder baryzentrische
Koordinaten benötigt..

.. aber möglich, über t den Schnittpunkt in Welt-/
Kamerakoord. direkt zu berechnen und einen Tiefentest
durchzuführen (ähnlich Z-Buffer).

Definition der Ableitungen Vi ,x ,Vi ,y :

Vi (~d) = ~ni · ~d = ~ni · (~d0 + x~dx + y~dy )

Vi ,x = ∂Vi (~d)
∂x = ~ni · ~dx ,Vi ,y = ∂Vi (~d)

∂y = ~ni · ~dy
Effiziente Berechnung im Fall eines planaren Viewports
möglich, da Vi (~d0) + xVi ,x + yVi ,y für ein gegebenes Pixel
(x , y). (Auch für komplexere Viewports lässt sich oft ein
inkrementelles Schema finden).
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3D Rasterung

Vergleich 2D/3D Rasterung

Beide nutzen Kantenfunktionen zur Sichtbarkeitsprüfung

3D Rasterung kann schneller sein, insbesondere bei
Berechnungen von perspektivisch korrekten Baryzentrischen
Koordinaten.

3D Rasterung erfordert keine Projektion und kein Clipping.
⇒ Auch nicht-planare Viewports möglich (entspricht
Verzerrungen / nichtlinearer Projektion)

Rechteck für
”
Binning“ in 2D, Pyramidenstumpf in 3D

2D Rasterung arbeitet mit Fixed-Point Arithmetik, während
3D Rasterung Fließkomma-Arithmetik benötigt.
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Anwendung von 3D Rasterung

Teil III

Anwendung von 3D Rasterung
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Anwendung von 3D Rasterung

Nicht-planare Viewports

Linsenverzerrungen einfach möglich, indem
”
Sichtfenster“

verzerrt wird.

Beispiel: Weitwinkeleffekt mit Paraboloid
f (x , y) = 1

2 −
1
2 · (x

2 + y2)

Fenstervektor ~d = (x , y , f (x , y))T

e

d
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Anwendung von 3D Rasterung

Aber zu beachten: Binning muss geändert werden, da nur
an Ecken eines Bins geprüft wird, dieser aber verzerrt
wurde.

p0

p2

p1

p0

p2

p1

p0

p2

p1

(a) (b)

(c)

Lösung: Virtuelle Verschiebung der für die Prüfung eines
Dreiecks relevanten Ecken eines Bins.
Nötige Verschiebung ergibt sich aus der Krümmung des
Paraboloiden.
Ähnliche Strategien können auch für andere nichtlineare
Projektionen gefunden werden.
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Anwendung von 3D Rasterung

Antialiasing und eindeutiges Rendern

Kantenglättung

Kantenglättung wie bei 2D Rasterung möglich

→ Im Paper Verwendung von Multi-Sampling (MSAA) und
Coverage-Sample-Anti-Aliasing (CSAA)

Eindeutiges Rendern

Bei 2D Rasterung existieren Konsistenzregeln
(top-left-convention) um ein Pixel das von mehreren
Dreiecken geschnitten wird eindeutig zuzuordnen.
→ Jedes Pixel wird genau einmal einem Dreieck zugeordnet
→ Verhindert Bildfehler bei Blending / Transparenzen

Konsistenzregeln auf Basis der Ableitungen Vi ,x ,Vi ,y auch bei
3D Rasterung möglich
Für Raytracing ist bisher kein vollständig konsistenter
Renderalgorithmus bekannt.
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Anwendung von 3D Rasterung

Kontinuum zwischen Ray Casting und Rasterung

Rasterung: Bearbeite alle Dreiecke der Szene in beliebiger
Reihenfolge
Raytracing: Für jeden Strahl nur die minimal nötige Anzahl
von Dreiecken auf dem Weg bearbeiten.

Mittelweg: Bearbeite jeweils alle Dreiecke in einem
Pyramidenstumpf
Pyramidenstumpf gesamter Bildschirm: Reine Rasterung
Algorithmus unterstützt aber auch Frustum- und Occlusion
Culling unter Nutzung einer BVH, sowie
Strahl-Dreieck-Schnittpunktstests auf Pixelebene
Außerdem rekursive Unterteilung eines Pyramidenstumpfs
möglich (mit folgender 3D-Rasterung für Dreiecke innerhalb
des Stumpfes oder Per-Pixel-Tests)

Alle Renderoptionen mit und ohne Binning möglich

Simon Christoph Stein 3D Rasterization



Anwendung von 3D Rasterung

Bilder

Nichtlineare Verzerrungen2 Dachsbacher et al. / 3D Rasterization

Figure 1: With our approach, ray tracing andrasterization becomealmost identical with respect to primary rays. Now rasteri-
zation can directly render to non-planar viewports using parabolic andlatitude-longitude parameterizations (left images), and
we can transfer rendering consistency andefficient anti-aliasing schemes from rasterization to ray tracing. The center image
shows the Venice scene consisting of 1.2 millio n triangles. Our 3D rasterization bridges both approaches and allows us toex-
plore rendering methods inbetween. The right images show thenumber of edge function evaluationsper pixel for two different
3D rasterization methods (3DR-BIN and 3DF-FULL, seeSect. 5).

tion algorithm. As a result we can apply many techniques
that have been limited to one approach in the context of
the other. We demonstrate direct rasterization of non-planar
views, as well as efficient anti-aliasing and fully consistent
intersection computation for 3D rasterization.

In this new setting theonly differencebetween thetwo algo-
rithms lies in the way the scene is traversed. Our approach
combines the 2D and 3D acceleration structures from ras-
terization and ray tracing: While the 2D grid of pixels is
used to (hierarchically ) test tiles of pixels for overlap with
a triangle, we can use thesame concept to test frustaagainst
thebounding boxesof spatial index structuresasused in ray
tracing. Similarly, we can make use of an existing 3D spa-
tial index structure by using frustum culling and occlusion
culling in the core rasterization algorithm. Our approach al-
lows for freely, and continuously, exploring the spacebe-
tween traditional ray tracing and rasterization.

Because 3D rasterization operates in world space it uses
floating point computation throughout the pipeline. Our
main target platform is a fully software-based graphics
pipeline on highly parallel and programmable many-core
processors, such asIntel’sLarrabee. On such platforms there
is little, if any, drawback when using floating point compared
to fixed-point computation.

2. Previous Work

Rasterization is currently the dominant rendering tech-
nique for real-time 3D graphics, and is implemented in
almost every graphics chip. The well-known rasterization
pipeline [FvDFH90] (seeFig. 4 for a contemporary design)
operates on projected and clipped triangles in 2D. The core
of the rasterization algorithm, coverage computation, deter-
mines, for all pixels (and possibly several sub-samples in
each pixel), whether they are covered by a given triangle.
The coveragetest typically useslinear 2D distancefunctions
in image space, one for each triangle edge, whose sign de-
termineswhich sideof an edgeis insidethetriangle [Pin88].
These functions can be evaluated in parallel, and hierarchi-

cally, to quickly locaterelevant partsof thescreen. Many ex-
tensions to this basic algorithm have been proposed includ-
ing the hierarchical Z-buffer [GKM93], efficient computa-
tion of coveragemasks [Gre96], hierarchical rasterization in
homogeneous coordinates [OG97], and the irregularly sam-
pled Z-buffer [JLBM05].

The ideaof ray tracing was introduced to graphics by Ap-
pel [App68], while Whitted [Whi80] developed the recur-
sive form of ray tracing. Since then, the two main trends in
ray tracing have been the development of physically correct
global illumination algorithms(seetheoverview in [PH04]),
andtrying to reach real-timeperformance comparable to ras-
terization. The latter is most often achieved by simultane-
ously tracing packets of coherent rays to increase perfor-
mance on parallel hardware [WSB01]. Recent approaches
use large ray packets and optimized spatial index struc-
tures, such as kd-trees [RSH05], BVHs [WBS07], interval
trees [WSS05,WK06], and 3D grid structures [WIK∗06]. A
recent survey [WMG∗07] gives an overview of build and
traversal algorithms for spatial index structures used for ray
tracing. Related to this paper, Hunt et al. [HM08] describe
a continuum of visibility algorithms between tiled z-buffer
systems and ray tracing by introducing acceleration struc-
tures that are specialized for rays with specific origins and
directions. Our work goes further, folds ray casting and ras-
terization into asingle algorithm, andthusallowsfull explo-
ration of the continuum of rendering algorithmsbetween the
two.

While rasterization has benefited tremendously from be-
ing implemented in dedicated hardware, ray tracing was al-
most exclusively limited to software implementations, even
when executed on the same graphics hardware [PBMH02,
HSHH07,PGSS07] (we consider GPUs as a programmable
hardware dedicated to graphics that runs software imple-
mented as shaders). However, the increasing parallelism and
programmability of graphics processors make it very likely
that both rendering algorithms will be mostly implemented
in software in the foreseeable future [Mar08,SCS∗08].

Kantenglättung6 Dachsbacher et al. / 3D Rasterization

a)

V   >0i,x

b)

V   =0i,x

V   <0i,y

c)

V   >0i,x

V   >0j,x

Figure 6: Rasterization consistency: we adopt the top-left
filling convention from OpenGL andDirect3D for 3D raster-
ization based onthebarycentric coordinatesandthederiva-
tives of Vi .

of Vi . For an edge, as shown in red in Fig. 6a, the deriva-
tive Vi,x is positive for one triangle only, and we assign the
pixel to that triangle. If the edge is horizontal (Vi,x = 0),
we use the derivative Vi,y as the secondary criterion of the
top-left convention (Fig. 6b). Similarly, we decide for pix-
els centered on vertices: The pixel belongs to the triangle
to its right (Fig. 6c), or to the one below if it resides on
a horizontal edge, i.e. it belongs to the triangle for which
(Vi,x > 0∧Vj,x > 0)∨(Vi,x = 0∧Vj,x > 0), with λi = λ j = 0.
Note that both derivatives are zero only for edges collapsed
to a point, and thus for degenerated triangles which are not
rasterized.

So far no fully consistent ray-triangle intersection algorithm
is known for ray tracing: A ray-triangle intersection is as-
sumed to happen if 0≤ λi ≤ 1 for the threebarycentric co-
ordinates. This can lead to inconsistencies at shared edges,
or vertices, of adjacent triangles. If multiple intersections
are to be avoided, a scene-dependent epsilon distance along
the ray is chosen by the user such that only one intersec-
tion may occur. By using 3D rasterization as a replacement
for ray-triangle intersection of primary rays, the consistency
rulesnaturally transfer to ray tracing andenable fully consis-
tent rendering. Using these consistency ruleswedid not spot
any precision problemswith direct evaluation or incremental
evaluation for small bin sizes.

4.3. Anti-aliasing

Anti-aliasing is crucial for high-quality imagesynthesis, but
it is computationally expensive andrequiresalot of memory
and bandwidth. Most renderersusesuper-sampling, i.e. they
actually computethe image at ahigher resolution and down-
sample the color buffer. Modern graphicshardwaregoesone
step further and decouples coverage sampling (determining
what fraction of a pixel is covered by a triangle) from shad-
ing computation: The coverage of sub-samples can be effi-
ciently computed in 2D and 3D rasterizationwhile shading is
often the bottleneck. In this spirit, we added multi-sampling
andanti-aliasing with coveragesamples(CSAA) [NVI08] to
our 3D rasterization framework (seeFig. 7).

Figure 7: We also integrated anti-aliasing techniques into
3D rasterization: The rendering time using the 3DR-FULL
algorithm (see Sect. 5) was 930 ms without anti-aliasing
(left), 10270ms for 16× MSAA (center), and 4022ms for
CSAA [NVI08] with 4 shading and 12coverage samples
(right). Shading is computed using recursiveray tracingwith
1 shadow ray, and 1reflection ray for every sample.

4.4. The 3D Rasterization Continuum

With 3D rasterization, the scene traversal is left as the main
difference between rasterization and ray tracing of primary
rays. This formsa continuous spacewith each at an opposite
end. While pure rasterization must enumerate all triangles
in a scene in arbitrary order, traditional ray tracing traverses
thescenefor every ray, each time enumerating only themin-
imum number of possible overlapping triangles.

A known intermediatesample point is frustum traversal of a
spatial index structure [RSH05], enumerating all primitives
of the scene overlapping the frustum. On the other hand,
given a frustum of rays (e.g. the entire screen, a tile, or a
single pixel), wemust efficiently computetheir intersections
with the triangles by the frustum (i.e. coverage computa-
tion).

This leads us to the following combined approach (see
Fig. 8), where F is a frustum and N is a node of the spatial
index structure (typically starting with the entire viewport
and the root node, respectively). The blue keywords denote
oracleswhich control thebehaviour of the algorithm. For ex-

traverse( frustum F, node N ) {
if ( isOccluded or isOutside ) return; // Fig. 9a
if ( splitFrustum ) { // Fig. 9b
split F into sub-frusta Fi // Fig. 9c
foreach ( Fi ) traverse( Fi, N )

} else
if ( generateSamples ) {
rasterize( N, binning ) // Fig. 9d

} else {
foreach ( child of N )
traverse( F, child of N )

} }

Figure 8: This continuous rendering algorithm allows us to
explore the continuumof methodsbetween rasterization and
ray tracing. Note that the rasterize function can be re-
placed by a ray-triangle intersections, or 2D rasterization
for linear projections.

Quelle: [1]
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Anwendung von 3D Rasterung

Fazit

3D Rasterung als Rendermethode im Kontinuum zwischen 2D
Rasterung und Ray Casting.

Fließkommaoperationen statt Fixed-Point-Arithmetik

Mit 3D Rasterung lassen sich Konzepte zwischen Ray Casting
und Rasterung erfolgreich austauschen

Kann merklich schneller sein als herkömmliche 2D Rasterung

Möglicher Vorteil in der Zukunft: Berechnung von Globaler
Beleuchtung (bzw. globalen Effekten)
→ In 2D-Rasterung sehr schwer durchzuführen. In
herkömmlichem Raytracing hoher Rechenaufwand.

Die Autoren des Papers hoffen die bisherige
Rendering-Pipeline zu vereinfachen.
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